and Tooth described patients who, as we now understand it, have a dominantly inherited, progressive neuropathy that affects myelinated motor and sensory axons in a length-dependent manner. This disorder is usually called Charcot-MarieTooth disease (CMT). Soon thereafter, recessive cases of more severely affected individuals (with Dejerine-Sottas neuropathy [DSN] ) as well as kindreds with Xlinked CMT type 1 (CMT1X) were described. Dyck and colleagues introduced the currently used classification scheme, although they used the term hereditary motor and sensory neuropathy rather than CMT. They demonstrated that most kindreds had CMT1, characterized by slowed motor conduction velocities (10-40 m/s) in the arms and histological evidence of segmental demyelination and remyelination in addition to axonal loss. The CMT2 kindreds tended to have a later age at onset, little if any slowing of nerve conductions, and loss of myelinated axons but without segmental demyelination or remyelination. These findings were extended by several groups, including Harding and Thomas, 5 who proposed that forearm motor conduction velocities of 38 m/s separated CMT1 from CMT2 ( Figure 1A) , a heuristic aid that can be misleading if applied too rigidly.
This classification underscored the idea that CMT1 might be caused by mutations in genes that are expressed by myelinating Schwann cells whereas CMT2 might be caused by mutations in genes expressed by neurons. This possibility was first formally demonstrated by Aguayo et al, 6 who grafted nerve segments from Trembler mice (which have a dominantly inherited demyelinating neuropathy) into the sciatic nerves of normal mice. The host axons that regenerated into the donor nerve grafts were abnormally myelinated by the donor Schwann cells, thereby demonstrating that the demyelination defect was intrinsic to the Schwann cells. This concept is supported by the demonstration that myelinating Schwann cells or neurons express the genes that cause demyelinating or axonal neuropathies, respectively. The relationships of inherited neuropathies to each other and other syndromes. These Venn diagrams depict that dominantly inherited neuropathies can be separated into demyelinating and axonal forms (A); that inherited demyelinating diseases can be separated into those that cause peripheral nervous system and/or central nervous system (CNS) dysmyelination or demyelination (B); and that inherited axonal diseases can be separated into those that cause combinations of a motor neuropathy, sensory neuropathy, or both sensory and motor neuropathy, each of which may also involve CNS axons. CMT indicates Charcot-Marie-Tooth disease; HMSN, hereditary motor and sensory neuropathy; LD, leukodystrophy; AR, autosomal recessive; SPG, spastic paraplegia; GAN, giant axonal neuropathy; ALS, amyotrophic lateral sclerosis; and NAD, neuroaxonal dystrophy.
DOMINANT KINDS OF CMT
Mapping the genetic loci of different kindreds led to the identification of the causative genetic defects and the realization that multiple genes cause CMT1, CMT2, and DSN. This began with the discovery that the PMP22 gene (which encodes an intrinsic membrane protein of compact myelin, peripheral myelin protein 22) is duplicated in CMT1A and deleted in hereditary neuropathy with liability to pressure palsies. Mutations in genes already known to be expressed by myelinating Schwann cells were found to cause other kinds of dominantly inherited demyelinating neuropathies-myelin protein zero (MPZ), which encodes the major adhesive protein of compact myelin, and EGR2, which encodes a transcription factor. Charcot-Marie-Tooth disease type 1 was also found to be caused by mutations in genes not previously known to be expressed by myelinating Schwann cells-GJB1, which encodes the gap junction protein connexin32, and LITAF/SIMPLE, which encodes a protein that may be involved in the degradation of intracellular proteins.
Charcot-Marie-Tooth disease type 2 is less common than CMT1, and it also results from diverse genetic causes. A dominant mutation in KIF1B, which encodes a kinesin, was reported to cause CMT2A, but most CMT2A kindreds appear to have dominant mutations in MFS2, which encodes mitofusin 2, an intrinsic membrane protein of mitochondria. Mutations in MFN2 appear to account for about one fourth of CMT2 cases, and optic atrophy and myelopathy may be found in affected patients. Dominant mutations of RAB7 (which encodes a guanosine triphosphatase), GARS (which encodes a glycyl transfer RNA synthase), NEFL (which encodes the light subunit of neurofilaments), and HSPB1 and HSPB8 (which encode heat shock proteins 27 and 22, respectively) cause other kinds of CMT2 (Table) . These 2 heat shock proteins interact, so it is likely that disrupted interactions caused by either heat shock protein 22 or heat shock protein 27 mutants disrupt the complex and result in an axonopathy. Mutations in GARS, HSPB1, or HSPB8 also cause hereditary motor neuropathy (HMN) rather than CMT2; in patients with HMN, one presumes that the mutations chiefly affect myelinated motor axons and not myelinated sensory axons. On a related note, because myelinated motor axons are affected in hereditary sensory and autonomic neuropathy type 1 (HSAN1), this could be considered a form of CMT2. Finally, some NEFL mutations cause marked conduction slowing well into the demyelinating range; perhaps these mutations cause secondary demyelination because they profoundly affect axonal calibers, akin to the effects of recessive Gigaxonin mutations that cause giant axonal neuropathy.
A third group of dominantly inherited neuropathies has been proposed, dominant intermediate CMT, so named owing to their intermediate conduction velocities and thus an uncertainty regarding whether the neuropathy is primarily axonal or demyelinating. Dominant intermediate CMT type B is caused by mutations in DNM2, which encodes dynamin 2, a cell membraneassociated protein that pinches off newly formed clathrincoated vesicles. Because dynamin 2 is ubiquitously expressed, it remains to be determined whether the fundamental disturbance caused by DNM2 mutations affects neurons or axons, Schwann cells, or both.
RECESSIVE KINDS OF CMT
Recessive types of CMT are less common than dominantly inherited neuropathies and are mainly caused by mutations in a different group of genes (Table) . The demyelinating forms (CMT4) are caused by mutations in MTMR2 or MTMR13 (which likely interact to form a phosphatase), EGR2, PRX (which encodes periaxin, part of a dystroglycan complex), and NDRG1 or KIAA1985 (which encode proteins of unknown function). Myelinating Schwann cells express all of these genes, and the available data indicate that each of the corresponding proteins likely has an essential role in Schwann cells so that recessive mutations result in demyelination. Although recessive GDAP1 mutations cause a neuropathy with some demyelinating features, the neuropathy appears to be axonal in other kindreds. The basis of this discrepancy remains to be determined.
Besides GDAP1, pure recessively inherited axonal neuropathies are rare. 7 Recessive mutations in LMNA (which encodes lamin A/C) cause a severe axonal neuropathy. Homozygous deletion or conversions of the region of chromosome 5q that contains the SMN1 gene (the genetic basis of spinal muscular atrophy) cause a severe neuropathy. In 1 family, the gene has been mapped to chromosome 19q13.1-13.3. At least 2 forms, early-onset autosomal recessive CMT2 and lethal neonatal autosomal recessive axonal neuropathy (OMIM 604431), have yet to be mapped. It is inferred that the proteins encoded by these genes have essential functions in neurons or axons.
CONGENITAL HYPOMYELINATING NEUROPATHY AND DSN
The terms congenital hypomyelinating neuropathy (OMIM 605253) and DSN (also known as CMT3; OMIM 145900) are used to describe individuals who have a severe neuropathy with a clinically recognized onset in infancy or before age 3 years, respectively. These 2 syndromes can be difficult to separate, and both can be caused by dominant mutations in MPZ, PMP22, and EGR2, resulting in severe dysmyelination. One mutation in GJB1 as well as recessive mutations in PRX, GDAP1, and MTMR2 can also cause a DSN phenotype. Furthermore, many cases of CMT, sometimes referred to as severe CMT, could just as well have been labeled DSN. The genetic heterogeneity of both congenital hypomyelinating neuropathy and DSN has led to the proposal that these terms be abandoned from genetic classifications.
familial dysautonomia or Riley-Day syndrome); the most common allele causes aberrant splicing of neuronal transcripts, resulting in defective protein. Recessive mutations in NGFB, which encodes nerve growth factor, and TRKA, which encodes a receptor for nerve growth factor, cause HSAN5 and HSAN4 (also known as congenital insensitivity to pain and anhydrosis syndrome), respectively. The profound loss of many sensory and autonomic axons in affected individuals is in keeping with the developmental loss of the corresponding neurons in mouse models. 8 Recessive mutations in another growth factor receptor cause cold-induced sweating, likely owing to a loss of peripheral sensory and autonomic neurons. Hereditary sensory and autonomic neuropathy type 2 is caused by recessive mutations in a gene that encodes a protein of unknown function. Dominant mutations in SCNA9, which encodes the voltage-gated sodium channel Nav1.7, cause primary erythermalgia characterized by a painful small-fiber neuropathy with dysfunction of distal sensory and autonomic axons. The mutant channels appear to remain open too long, which may cause the overactivity of nociceptive neurons that express Nav1.7, resulting in pain.
HEREDITARY MOTOR NEUROPATHIES
The current classification is based on the 7 types of distal hereditary motor neuronopathies described by Harding, 9 who separated them by their clinical features and patterns of inheritance. These are now known as HMN types I through VII 10 and can be conceptualized as lengthdependent neuropathies of only motor axons. Sensory axon involvement, however, is reported for at least some mutations in a subset of these genes (GARS, HSPB8, and HSPB1) and may be overlooked in cases of HMN VI or spinal muscular atrophy with respiratory distress type 1 (raising the possibility that this is really a severe axonal neuropathy). Hereditary motor neuropathy type V and HMN VII are distinguished by denervation in distal arm muscles that is disproportionate to the involvement of distal leg muscles, and HMN VII also has prominent involvement of the laryngeal muscles. How mutations in these genes, which are not known to serve a common function, cause a similar phenotype is unknown. Mutations in DCTN1, which encodes the p150
Glued subunit of dynactin (the largest subunit of dynactin), may disrupt retrograde axonal transport.
INHERITED NEUROPATHY AS PART OF A SYNDROME
When peripheral neuropathy is part of an inherited syndrome ( Figure 1B and C 11 The clinical phenotypes of giant axonal neuropathy, neuraxonal dystrophy, and SPG associated with peripheral axonal neuropathy are consistent with the idea that these diseases are lengthdependent axonopathies of both central and peripheral nervous system neurons.
If CMT, HSAN, and HMN should be restricted to nonsyndromic inherited neuropathies, then CMT4D, HSAN4, HMN Jerash, and HMN caused by BSCL2 or SETX mutations seem to be misclassified, as many patients have other manifestations, particularly of central nervous system involvement. Some patients appear to have been misclassified owing to an insufficient clinical examination, electrophysiological analysis, or ancillary imaging studies, but even a thorough evaluation may not suffice to characterize the phenotype of an individual mutation. For example, in large kindreds with a dominant BSCL2 mutation, some individuals had a clinical picture of HMN V with prominent weakness of intrinsic hand muscles, others also had a spastic paraparesis producing the clinical picture of Silver syndrome/SPG17, and others had a spastic paraparesis without hand weakness.
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FINDING THE CAUSES
The discovery of the genetic causes of neuropathy is an unprecedented accomplishment and has enabled patients with CMT to find out exactly which mutation causes their neuropathy. Helping patients discover the cause of their neuropathy, however, can be difficult, and an efficient approach benefits from the expertise of a neuromuscular specialist. Figure 2 is an outline of a logical approach that takes into account that PMP22 duplications are by far the most common cause of CMT1. It may become crucial for patients to know their molecular diagnosis, as some treatments may only help certain kinds of neuropathy and may even worsen other kinds. For example, a drug that decreases the expression of PMP22 may improve the neuropathy in patients with a PMP22 duplication but worsen the neuropathy in patients with a PMP22 deletion.
Inherited neuropathies are common, affecting about 1 in 2500 people, and are thus one of the most prevalent inherited neurologic diseases. Neuropathy diminishes the quality of life in small and large ways and can result in disabilities. Thus, patients are not content with knowing the cause of their neuropathy-they want treatments that work. Their hope can only be realized by acquiring new insights into how mutations in these genes cause neuropathies. Substantial progress has been made, especially through the study of genetically authentic animal models. To date, this work has underscored the
